The role of Co substitution in the low-energy electronic structure of Ca(Fe0.944Co0.056)2As2 is investigated by resonant photoemission spectroscopy and density functional theory. The Co 3d-state center-of-mass is observed at 250 meV higher binding energy than Fe's, indicating that Co posses one extra valence electron, and that Fe and Co are in the same 2+ oxidation state. Yet, significant Co character is detected for the Bloch wavefunctions at the chemical potential, revealing that the Co 3d electrons are part of the Fermi sea determining the Fermi surface. This establishes the complex role of Co substitution in CaFe2As2, and the inadequacy of a rigid-band shift description.
The specific mechanism via which transition-metal substitution leads to these effects is still highly debated, with carrier density variation and impurity scatteringas well as their intimate interplay -being the main scenarios under consideration [4] [5] [6] [7] [8] . The proposal that Co might donate one electron to the system, effectively doping it as in a rigid chemical-potential shift within an unperturbed band structure, is qualitatively supported by angle-resolved photoemission spectroscopy studies [9] , which provide evidence for the disappearance of the hole pocket at the Brillouin zone center upon Co substitution. Alternatively, it has been argued that Co is isovalent to Fe, and that the main role of the Fe-Co substitution is to introduce a random impurity potential [4] . This would lead to scattering of the itinerant charge carriers, consistent with a non-vanishing imaginary part of the selfenergy even at the Fermi level, as proposed in Ref. 4 and demonstrated in more recent calculations [6, 7] . In turn, possible nesting vectors connected to the onset of magnetic ordering are smeared out, and with it also the Fermi surface and its direct relation to Luttinger's counting.
To experimentally determine the role of Co-induced states, we study Ca(Fe 0.944 Co 0.056 ) 2 As 2 by resonant photoemission spectroscopy (RPES), which provides the advantage of element selectivity through the involvement of a core-electron excitation in the resonant photonabsorption process. We show that the center of mass of the Co-induced low-energy states is at 250 meV higher binding energy than Fe's, which provides a direct measure of the Co impurity potential. The screening of the latter, as revealed by the experimental estimate of U dd for Fe and Co and a density functional theory (DFT) analysis, leads to 1 extra 3d-electron being associated with Co and, in turn, to the isovalence of Fe and Co. Yet, the Bloch states near the chemical potential have significant Co character. These findings point to the inadequacy of the rigid-band scenario and to the more active role of Co in determining the properties on these materials.
The RPES experiments were performed at the Canadian Light Source SGM Beamline on the (001) surface of Ca(Fe 0.944 Co 0.056 ) 2 As 2 . The single crystals were grown from Sn flux [3] , and the x = 0.056 Co concentration was determined by energy dispersive x-ray spectroscopy. The samples were cleaved in situ and maintained at 300 K and pressures better than 2 × 10 −8 Torr. Absorption spectra were acquired by the total electron yield (TEY) technique, normalized to the beam flux; RPES spectra were measured with horizontal polarization, a Scienta 100 hemispherical analyzer, and ∼ 0.15 eV energy resolution as calibrated on a Au film.
In RPES, the valence-band photoemission signal is measured while varying the photon energy across an elemental x-ray absorption edge; in addition to photoemitting a valence electron, the photon can also excite an electron from the resonating core level into an empty state just above the chemical potential. The subsequent nonradiative decay of the core hole through various Auger electron emission channels, and the interference between direct photoemission and Auger processes, lead to an element-specific enhancement and evolution of the photoemission signal [10, 11] . Here we will investigate the RPES for photon energy resonating with the L 3 absorption edge of Fe (707 eV) and Co (777 eV), as shown in The non-resonant PES signal shown at the bottom of (a,c), averaged over 3 spectra at 700 (770) eV for Fe (Co), was subtracted to highlight the RPES behavior. In (b) a false color plot of the spectra from (a), normalized to their total area, is shown; the different characteristics of RPES are emphasized: radiationless Raman Auger scattering (RRAS), Auger emission, and Fano resonance.
Fig. 1(a) and (c) respectively, corresponding to the transition 2p
6 3d n → 2p 5 3d n+1 . In Fig. 1 (b) we present a false color plot of normalized Fe-edge data, highlighting the typical RPES spectral features [10, 11] : (i) a photoemission enhancement -at constant binding energydue to radiationless Raman Auger scattering (RRAS), when the photoexcited core-electron acts as a spectator to the core-hole recombination process; (ii) a photoemission peak -evolving linearly with photon energy -due to conventional Auger emission, when the photoexcited electron from the core delocalizes faster than the core-hole lifetime; (iii) a Fano resonance due to quantum interference observed near the chemical potential as a function of photon energy [12] , when the photoexcited core-electron acts as a participant in the core-hole recombination.
In studying the role of Co substitution by PES, the main shortcoming is that non-resonant PES does not allow to identify the Co contribution to the low-energy electronic structure. The Ca(Fe 0.944 Co 0.056 ) 2 As 2 nonresonant valence-band spectra shown in the bottom panels of Fig. 1(a) and (c) -measured at ∼ 700 and 770 eV photon energy respectively, thus away from the corresponding L 3 absorption edges (left panels) -are very similar to the results reported for Co-free CaFe 2 As 2 [13] . The detected structure can be associated with the oneelectron removal from Fe-3d (0-2 eV), As-4p (3-6 eV), and As-4s (11-13 eV), with no additional identifiable peak stemming from the presence of Co [13] . This is also consistent with DFT calculations [4, 14, 15] , which predict a very similar 3d partial density of states (DOS) for Fe and Co close to the chemical potential, with only a relative energy shift (Fig. 3) . This shortcoming can be overcome by taking advantage of the element specificity of RPES.
The RPES spectra obtained by varying the photon energy across the L 3 absorption edge of either Fe and Co are presented in Fig. 1(a,b) and (c) [after subtraction of the non-resonant spectra shown in the bottom panels of (a) and (c), to emphasize the resonant behavior]. The most obvious features -see triangles in (a,c) and red area in (b)-are the signal enhancement associated with the constant binding-energy RRAS and, upon increasing the photon energy, the constant kinetic-energy conventional Auger emission (this appears as linearly dispersing when plotted vs. binding energy). The transition between the two regimes as a function of photon energy is defined by the crossing between the constant and linearly dispersive behavior, as shown for the case of Fe by the two dashed lines in Fig. 1(b) , which takes place at a photon energy of 0.9 eV (0.5) below the absorption maximum located at 707.1 eV (777.3) for Fe (Co). As for the observed RRAS binding energy value for Fe (3.6 eV) and Co (4.5 eV) it should be noted that, since the RRAS can be thought of as a two-hole−one-electron state, the 0.9 eV Fe-Co offset stems from the difference in on-site Coulomb repulsion U dd for the two elements. Indeed, this 0.9 eV offset is in good agreement with the difference between the Cini-Sawatzky [16, 17] estimate of U is found in other metallic systems of Co and Fe isovalent impurities [18] , suggesting that in Co-substituted ironpnictides Fe and Co are in the same oxidation state.
An interesting aspect of the RPES data in Fig. 1 is found at lower binding energies, where an asymmetric Fano profile [12] is detected when cutting the RPES 2-dimensional dataset at a fixed binding energy and plotting the RPES signal as a function of photon energy, as shown in Fig. 2(a,b) for Fe and Co. When the photoexcited core-electron participates in the Auger decay of the core-hole, the final state is the same as the one reached in direct photoemission from the valence band; the interference between these two parallel channels leading to the same final state, and their overlapping discrete (Auger) and continuum (PES) character in energy, produces a characteristic Fano lineshape [12] . After subtraction of a linear background, this can be written as:
where ω is the incident photon energy, I P ES is the PES intensity in the direct channel, E = ( ω −E R )/2Γ R with E R and Γ R being the resonance energy and half width, and q is the dimensionless Fano asymmetry parameter (a 
Lorentzian lineshape is recovered for |q| → ∞).
We use Eq. 1 plus a linear background to fit the RPES spectra as a function of photon energy, in a ∼2 eV binding energy range about the chemical potential. From the q parameter values presented in Fig. 2(c,d) for Fe and Co, we observe that the most pronounced asymmetries -corresponding to the largest interference effects -are found in slightly different binding energy regions for Fe (from 0 to -0.4 eV) than for Co (from -0.5 to -0.9 eV); at the same time, the value of I P ES is maximum at E B = 0.41 eV (Fe) and 0.66 eV (Co), as shown in Fig. 2(e,f) . These binding energies, which are also indicated by vertical bars in the lower panels of Fig. 1(a,c) and whose corresponding Fano profiles are shown in Fig. 2(a,b) , identify the the characteristic average energy for Fe and Co states in Co-substituted CaFe 2 As 2 . The observed 0.25 eV larger energy for the single-electron removal from Co provides a direct measure of the Co impurity potential.
This ∆E B 0.25 eV shift between Fe and Co electronremoval energies is consistent with ab-initio DFT calculations [4, 14, 15] . For the most accurate quantitative comparison with our experimental results from Ca(Fe 0.944 Co 0.056 ) 2 As 2 , we have performed a supercell calculation using the Wien2K package, with one out of 18 Fe atoms replaced by a Co atom, corresponding to a Co concentration of 5.6%. The unit cell parameters for the high-temperature tetragonal phase of CaFe 2 As 2 are obtained from Kreyssig et al. [19] , as determined by Rietveld analysis of neutron diffraction experiments: a ≡ b = (3.912 ± 0.068)Å, c = (11.667 ± 0.045)Å, and z As = 0.35814Å. The resulting partial Co 3d-DOS is shown in Fig. 3(a) , together with the one of Fe calculated for Co-free CaFe 2 As 2 with the same approach. This comparison reveals a relative 0.25 eV shift for the center of mass of Fe and Co 3d-DOS (as calculated from the difference in first moments in the range −8 to 0 eV), in agreement with the ∆E B determined experimentally from the Fano resonance analysis of RPES. The impurity potential associated with this shift leads to a screening charge accumulation around Co, which can be estimated from the difference between Fe and Co 3d-DOS [shaded are in Fig. 3(b) , left axis]. In particular, by integrating in energy ∆DOS(Co3d−Fe3d) from the bottom of the 3d DOS to the chemical potential [blue line in Fig. 3(b) , right axis], one obtains that Co is surrounded by 1 extra 3d-electron as compared to Fe (note that the difference vanishes when the integration is performed over the full 3d-DOS including the unoccupied states, as expected since the total number of 3d states is the same). This again points to the isovalence of Co and Fe in this compound -consistent with the U dd analysis -and more specifically to a 2+ oxidation state for both Co and Fe.
The close inspection of the Co-edge RPES spectra at the chemical potential provides a last additional clue on the role of Co in the low-energy electronic structure of Co-substituted CaFe 2 As 2 . As shown in Fig. 1(c) , and in greater detail in Fig. 4 , in the binding energy range from 0.5 to −0.5 eV, where a Fano lineshape was not detected [I P ES is vanishing below −0.4 eV in Fig. 2(f) ], one can observe a peak whose intensity exhibits a somewhat resonating behavior. To track its photon energy evolution, we fit this feature with a Voigt function with a Gaussian width of 0.15 eV to account for the energy resolution; the integrated intensity enhancement at photon energies larger than 775 eV [i.e. the leading edge of the Co L 3 absorption, Fig. 4(b) ] clearly demonstrate the presence of Co character also at the chemical potential. This indicates that -despite its impurity nature -Co also contributes 3d states to the Bloch wavefunctions at E F , and thus to the details of Fermi surface and Fermi sea.
In conclusion, by taking advantage of the element specificity of RPES we probed the role of Co substitution in CaFe 2 As 2 . The observed ∆E B 0.25 eV shift between Co and Fe single-electron excitations, consistent with ab-initio DFT calculations and estimates of the onsite Coulomb repulsion U dd , provides a quantitative determination of the Co impurity potential and the 2+ isovalence of Co and Fe. This, together with the detection of a Co participation in the electronic states belonging to the Fermi surface, establishes the complex role of Co substitution beyond a mere rigid-band shift description.
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